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Abstract
Determining the freezing state and frozen section thickness is fundamental to
assessing the development of artificial frozen walls but is commonly difficult or
inaccurate because of a limited number and fixed position of thermometer holes
under complex field conditions. We report a novel experimental design that measures
soil temperature, water content, and ultrasonic properties to monitor movement of
the cryofront (0C isotherm), water migration, and acoustic parameters during
progressive upward freezing of fine sand under laboratory conditions. Ultrasonic
testing during different stages of freezing revealed changes in three acoustic parame-
ters (wave velocity, wave amplitude, and frequency spectrum). As the cryofront
ascended through the sand at different water contents, wave velocity continually
increased, whereas wave amplitude initially decreased and then increased. Wave
velocity measurements revealed the cryofront position during freezing, but measure-
ments of wave amplitude did not. The frequency components indicated the
frequency of different evolving freezing regions during upward freezing and the
freezing state of fine sand during later stages of freezing. The freezing state can be
evaluated on the basis of single vs multiple peaks and the kurtosis of frequency
spectrum change. An equation developed to predict the thickness of the frozen
section and tested against measured values in the laboratory and field showed
accuracies of 86.84–99.33%. The equation is used successfully to estimate frozen
wall thickness in artificially frozen fine sand in Guangzhou, China.
K E YWORD S
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1 | INTRODUCTION
It is well known that artificial ground freezing is a preferred
construction method of mine shafts and underground urban space
in water-rich sand layers (e.g., 1–4). The resulting artificial
frozen walls, however, are commonly of inadequate thickness and
strength because of substantial groundwater seepage, which can
result in water inrush and abrupt subsidence (e.g., 5,6). Thus,
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determining the freezing state and frozen section thickness during
freezing is fundamental to assessing the development of artificial
frozen walls.
Several methods have been used to measure the freezing state
and frozen section thickness with varying success. Real-time tem-
perature monitoring7 and theoretical derivation of stationary tem-
perature fields8 were used in the 1950s–1960s, whereas numerical
simulations of nonstationary temperature fields have developed in
recent decades (e.g., 9,10). However, the freezing state and frozen
section thicknesses predicted from these methods often differ from
actual conditions at many sites with high groundwater seepage and
geologic structures such as faults, cavities and interbedded strata,
because the shape of frozen walls becomes irregular in these con-
ditions. Ground-penetrating radar (GPR) has also been used to
determine the freezing state and thickness of frozen walls,11
although its results are affected by steel freezing pipes and a lim-
ited detection depth (3–30 m). Overall, therefore, a more accurate
detection method is needed to determine the frozen wall thickness
and freezing state. To this end, the present study investigates the
use of ultrasonic testing.
Ultrasonic testing is an effective technique to identify the
physical and mechanical parameters of frozen soil in the laboratory
because soils that are fully or partially saturated with water experi-
ence large variations in acoustic parameters when they freeze
(e.g., 12–15). Several previous studies have investigated the relation-
ships between acoustic parameters and physical mechanical proper-
ties of frozen soil (e.g., 16–22). Wang et al.,16 measured the wave
velocity range of three frozen soils (Harbin clay, Lanzhou loess and
Peking fine sand) at different temperatures: 2.124–2.727,
3.31–3.606 and 3.679–3.892 km/s, respectively. Christ and Park17
investigated the correlation between acoustic properties of frozen
soils and their physical–mechanical properties and used the ultra-
sonic method to evaluate the unfrozen water content and elasticity
of frozen soils. Li et al.,18 Li et al.,19 and Huang et al.,20 used wave
velocity to evaluate the physical and mechanical properties of fro-
zen silty clay. Their results indicate that changes in the physical
mechanical properties of frozen soils can be measured indirectly by
ultrasonic waves.23 However, these studies focus on the change of
acoustic parameters of frozen soil rather than soil that is freezing
progressively. Therefore, there remain questions arising from the
responses of acoustic parameters from progressively freezing soil,
which is the basis of determining the freezing state and frozen
section thickness of artificial freezing walls.
Here, we report a novel experimental design that measures
soil temperature, water content, and ultrasonic properties to
monitor movement of the cryofront (0C isotherm), water migra-
tion, and acoustic parameters during progressive upward freezing
of fine sand. This enables us to determine how acoustic parame-
ters vary during progressive upward freezing and elucidate how
ultrasonic testing can be used to estimate the freezing state and
frozen section thickness. This work is part of a larger project
examining the acoustic parameters and physical properties of
frozen fine sand.23
2 | MATERIALS AND METHODS
2.1 | Soil properties and specimen preparation
Sand was obtained from 16 m depth at Baiyun Airport, Guangzhou,
China. The physical properties of the sand, measured in the laboratory
after transport from the field,24 were: bulk density = 1.87 g/cm3,
water content = 10.31%, and freezing temperature = −0.2C. The
sand is fine-grained (Table 1).
Soil specimens in this study comprise remolded samples. Follow-
ing the industrial standard of the People’s Republic of China,25 sand
was dried in an oven at 105C for 48 h. The dry sand was then mixed
with a specific amount of water to achieve the required uniform water
content. Next, loose moist sand was compacted into a PVC pipe
(72 mm high and 85 mm in diameter) to meet the required uniform
density. Sand temperature was measured by cylindrical platinum resis-
tance thermometers (Pt100) manufactured by Heraeus Co Ltd. The
Pt100 temperature sensors (diameter 4 mm and length 15 mm) were
calibrated to an accuracy of ±0.1C in an ice–water bath, then embed-
ded in the specimens at heights of 35, 45, 55 and 70 mm above the
base (Figure 1a). Finally, rubber insulation (30 mm thick) was wrapped
around each specimen, except for the bottom, to minimize the influ-
ence of external temperature.
2.2 | Monitoring strategy
Our monitoring strategy relied on instrumenting sand samples with
Pt100 temperature sensor arrays and a nonmetal ultrasonic measuring
system, NM-4A (manufactured by KangKeRui Ultrasonic Engineering
Co., Ltd). This allowed us to measure temperature and acoustic param-
eters at different stages of freezing, as the cryofront ascended to spe-
cific heights above the base of the specimens.
Ultrasonic testing during freezing involved four steps. First, the
ultrasonic apparatus was calibrated before measurement26 to
calculate the inherent time delay t0. A thin film of petroleum jelly
was used to ensure good acoustical coupling between the sand
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sample and acoustic transducers and to eliminate any air pockets
between them. The apparatus was then used to measure freezing of
the sand specimen in a DWB thermostatically controlled tank, which
can provide constant temperatures from −40 to 30C, based on the
arrival time of the cryofront at specific heights. Next, an ultrasonic
wave propagated through the sample and acoustic parameters were
recorded. Finally, acoustic parameters were calculated, including
wave velocity, wave amplitude, and frequency spectrum based on
ultrasonic theories.27,28
The gravimetric water content of the sand was measured when
the cryofront had reached four specified heights (35, 45, 55 and
70 mm) to determine water migration. At each height, one specimen
of soil was divided into horizontal subsamples 1 cm thick. Unfrozen
soil was sampled from the PVC pipe with a soil sampler geotome, and
underlying frozen soil was sampled with a knife. Each subsample was
weighed, dried in an oven (105C) for 24 h, reweighed and the
moisture content was calculated. Overall, the moisture content was
determined from four soil specimens for each of three water contents
(7.31, 10.31, and 13.31%), giving a total of 12 specimens.
2.3 | Experimental system and procedure
Progressive upward freezing experiments were performed on sand
specimens at three different water contents (7.31, 10.31, and
13.31%), which represent three degrees of saturation (54.03, 76.2,
and 98.38%) and a single density (1.87 g/cm3) and temperature of
basal cold plate (−20C). The experiments were carried out in the
Deep Coal Mine Construction Technology Laboratory of the National
Engineering Laboratory of China.
The testing system included a frost heave instrument, an ultra-
sonic detector and an ultrasonic transducer (50 kHz) (Figure 1). The
TABLE 1 Grain-size fractions of fine sand
Grain diameter (μm) >250 250–225 225–200 200–175 175–150 150–125 125–100 100–75 75–50
Percentage 0.59 19.86 26.72 11.75 18.56 11.42 5.78 3.69 1.63
F IGURE 1 Experimental system of partial freezing. (a) Vertical cross-section of sand specimen showing location of four Pt100s (red circles);
all units are in millimeters. (b) XT5405B frost-heave instrument. (c) Schematic diagram showing frozen lower part of specimen (blue) and unfrozen
upper part (brown) and location of ultrasonic sensors. (d) Example of waveform of receiving ultrasonic wave [Colour figure can be viewed at
wileyonlinelibrary.com]
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frost heave instrument (XT5405B) consisted of a thermostat, cold
plate, and refrigerant circulation unit, which can provide temperatures
from −40 to 40C (manufactured by Xutemp Temptech Co. Ltd). The
temperature of the cold plate was measured by a thermocouple inside
the instrument and its precision was ±0.02C. The basal cold plate
enabled upward freezing of the sand specimens.
The nonmetal ultrasonic detector (NM-4A) consisted of four
units: (a) one emission and one receiving transducer, (b) a pulse-
receiver, (c) a waveform measuring system, and (d) 3 m of wire. Its
launch voltage range was 250–1,000 V, the measurement accuracy of
sound-intervals was ±0.05 μs, the receiver sensitivity was ≤10 μV, the
amplitude range was 0–177 dB, and the range of amplifier bandwidth
was 5–500 kHz. The ultrasonic transducers have a mean frequency
response of 50 kHz, and the waveform of the excitation is a sine
wave.21 The sampling interval was 0.4 μs, the launch voltage was
500 V, and the number of sample measurements was 1,024 at each
time of ultrasonic testing.22
The experimental procedure is summarized in a flowchart with
seven stages (Figure 2). (1) The wetted and remolded sand specimens
were compacted into a PVC pipe, as described above, and placed on
the basal freezing plate. (2) The unfrozen specimens were measured
by ultrasonic testing according to the mechanical industrial standard
of the People's Republic of China JB/T 8428-2015, and acoustic
parameters of sand samples at different water content were
recorded. (3) The acoustic parameters (wave velocity, head wave
amplitude, and frequency spectrum) of unfrozen samples at three
water contents were compared. (4) The specimens were frozen pro-
gressively from the base upwards and sand temperature was mea-
sured at 5-s intervals. (5) Ultrasonic parameters were measured
immediately after the cryofront arrived at specified heights (35, 45,
55, 70 mm). (6) The moisture content of the frozen and unfrozen
sand was measured in 1-cm vertical increments. (7) The variation of
wave velocity, amplitude, and frequency spectrum at different freez-
ing periods was compared and analyzed.
2.4 | Ultrasonic parameters
The ultrasonic parameters determined in this study are wave velocity,
head wave amplitude, and frequency spectrum. The velocity of com-
pressional and shear waves indicates the physical properties of frozen
soil and can be measured directly in the laboratory (e.g., 16,17). The
compressional wave (p wave) velocity was the main acoustic parame-
ter measured in this study because it is easier to obtain than shear
wave velocity under field conditions. The p wave velocity (Vp, km/s) is
expressed as:
Vp =
L
tp−t0
ð1Þ
where L is the length of the specimen (mm), tp is the travel time of the
first wave in frozen soil (μs), and t0 is the inherent time delay (μs).
The head wave (i.e., first wave) amplitude (Ah) represents the
energy magnitude of the head receiving wave and can be recorded
automatically by a supersonic test meter.21 Changes in transmitted
amplitude show the variation in contact area between soil particles
and can be used to estimate the amount of compaction, changes in
void ratio, and associated changes in normal stress (e.g., 29–31). An
increase in contact area between the particles leads to an increase in
values of transmitted amplitude through the soil specimen.31
F IGURE 2 Flowchart showing the stages in
the experimental procedure
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The frequency spectrum can be calculated by a fast Fourier trans-
form (FFT), which converts data from the time domain into the fre-
quency domain of waveforms (e.g., 32–36). The frequency spectrum of
receiving ultrasonic waves relates to the changes in volume and distri-
bution of inter-particle pores in a soil.21 Pyrak-Nolte et al.37 found
that fractures and flaws filter the high-frequency content of the trans-
mitted wave. Therefore, the frequency spectrum can determine
whether particular frequency components are present in the analyzed
signal at different freezing periods, because water migration during
progressive upward freezing can lead to variation in the distribution
of inter-particle pores.
A wavelet transform was used to eliminate high-frequency noise
signals from the original signals and to improve the signal characteris-
tics substantially, because ultrasonic waves are nonstable and tran-
sient (e.g., 21,38,39). The db5 wavelet was selected to disassemble the
receiving wave signals into five levels. After wavelet transformation,
with the cutoff frequency set at 100 kHz, the reconstructed effective
signals were processed by an FFT, to obtain the distribution of the
frequency spectrum of fine sand at different stages during progressive
upward freezing.
3 | RESULTS AND ANALYSIS
3.1 | Temperature profiles
The vertical temperature profiles and cryofront positions in the sand
specimens at three water contents during four different stages of
upward freezing are shown in Figure 3. The temperature of the
freezing plate was kept at −20C to meet the typical temperature
boundary conditions of artificial ground freezing. When the cryo-
front reached heights of 35–45 mm (Figure 3a, b ), the temperature
in the unfrozen sand tended to decrease faster in samples at lower
water content (7.31%) than it did in those at higher water content
(10.31 and 13.31%). This is because increasing water contents lead
to increases in specific heat capacity, resulting in greater resistance
to temperature change in the unfrozen section. In contrast, the tem-
perature was almost the same in the frozen section. As the cryo-
front rose through the specimens, the average temperature of the
frozen section decreased significantly. The reason for the observed
changes is that the thermal conductivity of frozen soil exceeds that
of unfrozen soil and the specific heat capacity of frozen soil is lower
F IGURE 3 Vertical profiles of temperature in specimens at three different water contents during upward freezing when the cryofront
reached heights of (a) 35 mm, (b) 45 mm, (c) 55 mm, and (d) 70 mm. Gray area indicates frozen sand and white area indicates unfrozen sand
[Colour figure can be viewed at wileyonlinelibrary.com]
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F IGURE 4 Vertical profiles of water content change—relative to the dashed vertical line—through sand specimens when the cryofront
reached heights of (a) 35 mm, (b) 45 mm, (c) 55 mm, and (d) 70 mm. Initial water contents are indicated. Gray area indicates frozen sand and white
area indicates unfrozen sand. Regions 1–3 are illustrated in Figure 5 [Colour figure can be viewed at wileyonlinelibrary.com]
F IGURE 5 Different regions of the specimen during upward freezing. Units are in millimeters [Colour figure can be viewed at
wileyonlinelibrary.com]
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than that of unfrozen soil. Because thermal conductivity is inversely
proportional to the temperature of frozen soil, temperature
decreased as water content increased when the cryofront reached
70 mm height.
3.2 | Changes in water content
Vertical profiles of water content change (Δω) in the sand specimens
during upward freezing are presented in Figure 4. The change is
shown relative to initially uniform vertical profiles (normalized to 0%
in Figure 4) at three different starting water contents during four
stages of upward freezing. Both increases and decreases in water con-
tent characterized different parts of the frozen section, whereas
decreases characterized all of the unfrozen portion, with the greatest
decreases in the unfrozen sand directly above the cryofront. The fro-
zen section of increased water content was stable at around 35 mm
height, whereas the section of decreased water content spread
upwards as the cryofront ascended from 35 to 70 mm height
(Figure 4). The trend of water migration weakened gradually as the
cryofront approached and reached 70 mm height (Figure 4) in the
unfrozen section. In summary, water in all samples migrated through
the unfrozen section and into the frozen section (i.e., in the same
direction as the temperature gradient; Figure 4).
Three evolving regions in the sand specimens developed during
upward freezing and can be distinguished from top to bottom of the
specimens (Figure 5).
1. Unfrozen sand with decreased water content. In region 1, the mass
of water declined more in specimens with higher initial water con-
tent. For example, maximum declines of 0.856, 1.224, and 1.856%
were determined for initial water contents of 7.31, 10.31, and
13.31%, respectively, when the cryofront reached 55 mm height.
2. Frozen sand with decreased water content. In region 2, the tempera-
ture was below 0C and the mass of water was less than that of
the initial water content. The maximum decreases in water content
for different initial moisture contents (7.31, 10.31, and 13.31%)
were 0.742, 1.048, and 1.758%, respectively, when the cryofront
was around 70 mm height. The vertical thickness of region
2 increased as the cryofront rose from 35 to 70 mm, with a maxi-
mum value of 35 mm when the cryofront reached 70 mm
(Figure 4d). Much of region 2 was ice-cemented, except for the
uppermost 5 mm.
3. Frozen sand with increased water content. In region 3, the tempera-
ture was below 0C and the mass of water was more than that of
the initial water content. Increases in moisture content were
greater for specimens with initially greater water contents. The
average temperature of region 3 was distinctly lower than that of
region 2 and the mass of water increased gradually with depth. Ice
crystals were visible in almost all of region 3 during freezing. The
crystals were up to a few millimeters in length or diameter
(Figure 6).
3.3 | Ultrasonic time-domain characteristics
Under normal circumstances ultrasonic receiving waves show a spin-
dle waveform (He et al., 2007), but wave period reduction and messy
receiving waves appear when ultrasonic waves are transmitted
through soil with high porosity or other defects. The receiving wave-
forms in fine sand at different water contents and stages of upward
freezing are shown in Figure 7. The receiving waveforms of fine sand
change during freezing, because of the variation of temperature and
water migration. The vertical red line in Figure 7(a) indicates the
arrival time of the head wave, whereas the horizontal red line indi-
cates the amplitude of this wave.
In unfrozen sand, the receiving wave had only one wave period
and the waveforms were loose (Figure 7a). This indicates that scatter-
ing attenuation of ultrasonic waves occurred during wave transmis-
sion, because unfrozen fine sand has low bulk and shear stiffnesses
and a high void ratio. The receiving wave reduced to a half cycle as
the height of the cryofront increased to 35–45 mm (Figure 7b–c),
which indicates greater scattering attenuation, mainly because the air
content increased while the water content decreased in the unfrozen
region 1. As ice crystals grew, the contact area between soil particles
increased, and this is thought to explain the increase in wave energy
in the frozen regions 2 and 3. This function can almost be ignored rel-
ative to the increasing scattering attenuation in the unfrozen region
1 when the cryofront reached 35–45 mm. When the cryofront
ascended to 55 mm height, the number of receiving wave cycles in
sand at initial water contents of 7.31% and 10.31% increased substan-
tially (Figure 7d). This demonstrates that the increase of wave energy
in the frozen regions 2 and 3 was higher than the decrease of scatter-
ing attenuation in the unfrozen region 1 at this stage of freezing.40 All
receiving wave cycles showed multiple cycles when the cryofront
reached the top of the specimen (Figure 7e).
The compressional wave (p wave) velocity (Vp) was recorded
automatically according to Equation 1. As shown in Figure 8(a), Vp
increased slowly before the cryofront reached a height of 35 mm and
then increased substantially when the cryofront rose to 55 mm.
Thereafter, the growth rate dropped as the cryofront approached the
F IGURE 6 Visible ice crystals (white) in region 3 (ice-rich zone)
when the cryofront reached a height of 35 mm. Scale in millimeters
[Colour figure can be viewed at wileyonlinelibrary.com]
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top of the specimen. The values of Vp were similar before the cryo-
front arrived at 45 mm and became higher for specimens with higher
water content during later stages of freezing.
During early stages of freezing (0–35 mm height of the cryofront),
the p-wave velocity between the three specimens was similar to each
other. The main reason for this is that large parts of the specimens
were unfrozen and contained substantial amounts of air, which limits
the p-wave velocity.
During middle stages of freezing (cryofront at 35–55 mm height),
about half to more than half of the sample was frozen as the cryofront
rose (Figure 5), and the rate of increase of wave velocity was greatest
(Figure 8a). At this time, the volume of unfrozen sand decreased rap-
idly while the volume of frozen sand increased rapidly, which explains
the changes of wave velocity.
During later stages of freezing (cryofront at 55–70 mm height),
much of sample was frozen, and therefore the rate of increase in wave
velocity decreased (Figure 8a). In addition, the bulk, shear modulus,
and strength of frozen soil is higher with higher water content in the
frozen regions 2 and 3.16 Thus, when the cryofront arrived at 55 mm
and 70 mm height, the wave velocity in the specimen with an initial
water content of 13.31% was distinctly greater than that of 10.31%,
which in turn exceeded that of 7.31%.
F IGURE 7 Receiving waveform of fine sand specimen during upward freezing as the cryofront reached heights of (a) 0 mm, (b) 35 mm,
(c) 45 mm, (d) 55 mm, and (e) 70 mm. Note variation in scale of vertical and horizontal axes [Colour figure can be viewed at
wileyonlinelibrary.com]
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Overall, wave velocity increased continually as the cryofront rose
through the specimens, indicating that measurements of wave veloc-
ity can reveal the cryofront position during upward freezing.
The head wave amplitude showed a parabolic relationship with
increasing cryofront height (Figure 8b). During early stages of freezing
(cryofront lower than 35 mm), an increase in cryofront height was
associated with a decrease in wave amplitude, whereas during later
stages (35–55 mm) the amplitude increased gradually. Eventually the
absolute values of wave amplitude exceeded initial values. The
increase of the volume of the ice-cemented section (regions 2 and 3)
led to an increased contact area between the sand particles because
ice crystals occupied more of the pore volume and formed new inter-
particle contact areas in frozen sections. However, the reduction of
water in the unfrozen section resulted in more air among the sand
grains and less inter-particle contact area. Therefore, a change of
wave amplitude indicates that the function of unfrozen section is
greater than the frozen section during most of the freezing period. In
summary, wave amplitude decreased during early stages of freezing
and increased during later stages, which indicates that wave amplitude
cannot be used as a method to calculate the cryofront position during
upward freezing.
3.4 | Ultrasonic frequency-domain characteristics
The distribution of the frequency spectrum during upward freezing
was obtained by FFT after wavelet transform (Section 2.4) and is
summarized in Figure 9. The morphology of the frequency
spectrum varied progressively during different stages of upward
freezing. Early stages of freezing (0–35 mm height of the cryo-
front) were characterized by a frequency spectrum with a single
peak, whereas during later stages (35–70 mm height) the frequency
spectrum became more irregular and multi-peaked. The multi-peak
frequency spectrum shows the frequency of three regions
(Section 3.2).
The lowest frequency value (2.44 kHz)—indicated by the number
1 in Figure 9(e)—is less than that of the original, unfrozen remolded
soil (4.88 Hz). The former value developed during every freezing
period, which indicates that the frequency of region 1 (unfrozen sand
with a decreased water content; see Figure 5) is 2.44 kHz.
Intermediate frequency values (19.53–26.86 kHz)—indicated by
the number 2 in Figure 9(e)—varied with water content and cryofront
height. The higher frequency components only developed after the
cryofront reached 55 mm height. The drier specimen (7.31% water
content) showed higher frequency components much earlier than the
two wetter specimens (10.31 and 13.31%). These findings indicate
that the higher frequency components of ultrasonic signals were
absorbed before the cryofront reached 55 mm height, and then they
appeared gradually due to decreased scattering attenuation in region
1 (Figure 5) with the increase of cryofront height. The intermediate
values can be considered as the frequency of region 2 (frozen sand
with decreased water content).
The highest frequency components (39.06–50 kHz)—indicated by
the number 3 in Figure 9(e)—also developed after the cryofront
reached 55 mm height. Again, the driest specimen (7.31% water con-
tent) showed the highest frequency components much earlier than
the two wetter ones (10.31 and 13.31%). The highest frequency com-
ponents can be regarded as the frequency of region 3 (frozen sand
with increased water content), and the range of 39.06–50 kHz is close
to that of frozen fine sand.
In summary, the frequency components during the later stages of
upward freezing can reveal the frequency of different frozen and
unfrozen regions due to phase change and water migration. However,
the dominant frequency of the specimen cannot be used to evaluate
the freezing state because the maximum amplitude in the frequency
spectrum (i.e., dominant frequency) is always 2.44 kHz during progres-
sive upward freezing.
As the cryofront ascended, the height of three evolving regions
changed, thus affecting the frequency distribution due to the
frequency-selecting property of wave-absorption. To analyze
F IGURE 8 The p-wave velocity (a) and head wave amplitude (b) of fine sand during upward freezing [Colour figure can be viewed at
wileyonlinelibrary.com]
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quantitatively the ultrasonic frequency-domain characteristics of fine
sand during upward freezing, the values of the kurtosis of the fre-
quency spectrum (KFS) were calculated.21 Kurtosis is a statistical mea-
sure of th e “peakedness” of a distribution41: the more irregular and
multi-peaked a distribution is, the lower the value of KFS. KFS was
calculated as follows:
KFS=
PN
i=0
Ai fi− fpð Þ4
PN
i=0
Ai fi− fpð Þ2
 2 ð2Þ
where fi and fp are the values of discrete frequency and peak
frequency, respectively (kHz), and Ai is the discrete frequency
amplitude (db).
As shown in Figure 10, the value of KFS gradually decreased dur-
ing the later stages of upward freezing (55–70 mm) and reached the
minimum value when the cryofront arrived at the top of the sample.
Clearly, the KFS values of the three water contents during early
stages of freezing (0–55 mm) were higher than during later freezing
stages (55–70 mm), and the minimum value of KFS was almost
equal (0.01989–0.03179) when the cryofront arrived at the top of
the sample.
F IGURE 9 Receiving frequency spectrum of fine sand specimen during upward freezing. Cryofront is shown at heights of (a) 0 mm,
(b) 35 mm, (c) 45 mm, (d) 55 mm, and (e) 70 mm [Colour figure can be viewed at wileyonlinelibrary.com]
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4 | DISCUSSION
4.1 | Identifying the freezing state of progressively
frozen sand
4.1.1 | Single vs multiple peaks and KFS change in
the frequency spectrum
As illustrated in Section 3.4, a multiple-peak frequency spectrum
only characterized progressively frozen sand and the KFS value was
lower during later stages of upward freezing (55–70 mm height of
the cryofront) than during early stages, whereas a single-peak fre-
quency spectrum characterized unfrozen and progressively frozen
sand during the early stage of freezing (0–45 mm height). Therefore,
during later stages of freezing, a single-peak frequency spectrum or
KFS value that is higher than during early stages is abnormal and
indicates that the cryofront moved slowly, which may be caused by
cold source shortage or limited heat transfer. In addition, a multiple-
peak frequency spectrum or a KFS value that is very low during
early stages of freezing is abnormal, which indicates that the cryo-
front has moved faster than normal, which may be caused by lower
initial temperature or low source temperature. More generally,
single-peak and multiple-peak frequency spectra and KFS values
could be used as evaluation methods to identify the freezing state
of progressively frozen sand.
Our laboratory results can be compared with field observations
obtained during artificial ground freezing engineering at Baiyun
Airport, Guangzhou, China, where the average depth of the ground-
water table was 4.37 m. As shown in Figure 11, the frozen soil at
16 m depth was measured by the ultrasonic wave transmission
method, with a distance between inspection holes J1 and J2 of
1.47 m. Two cylindrical transducers (one emission, the other recep-
tion) were placed at the same depth (−16 m) in the inspection
holes. Brine was used to ensure good acoustical coupling between
the sides of each hole and the transducers. A launch voltage of
1,000 V and sampling period of 1.6 μs were selected. Wave velocity
were measured by ultrasonic testing during different stages of
freezing (0, 24, 26, 42, and 60 days).
The trend of the receiving frequency spectrum of fine sand mea-
sured in the field (Figure 12a) is similar to that measured in the labora-
tory (Figure 9). The frequency spectrum of undisturbed sand in the
field is a single peak. During the earlier stages of freezing (0–24 days),
the dominant frequency was slightly lower than that of undisturbed
soil. The morphology of the frequency spectrum became multi-peaked
during later stages of freezing (24–60 days). Therefore, the gradual
change from a single-peak frequency spectrum to a multiple-peak one
can demonstrate that the frozen wall developed normally.
The trend of KFS of fine sand calculated in the field (Figure 12b)
is similar to that calculated in the laboratory (Figure 10). KFS
decreased gradually as freezing time increased, and the minimum
value of KFS is 0.0883 when the cryofront arrived at J2 (60 days).
F IGURE 10 The kurtosis of frequency spectrum (KFS) of fine
sand specimen during upward freezing [Colour figure can be viewed
at wileyonlinelibrary.com]
F IGURE 11 Arrangement of freezing holes and sensors for field observations: (a) plan view showing location of freezing holes and (b) vertical
profile showing location of ultrasonic sensors
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However, when the cryofront arrived at J2 (Figure 11) the
frequency components of the field results are more complex and
KFS is higher than laboratory results. The main reason for this is
that underground water continually supplies water into unfrozen
soil in the field, whereas such water supply was absent in the
laboratory.
4.1.2 | Variation of wave velocity
The trend of wave velocity of progressively frozen fine sand mea-
sured in the field is also similar to that of wave velocity measured
in the laboratory (Figure 12b). The rate of increase of Vp during the
early stages of freezing (0–24 days) is lower than that during middle
stages (24–42 days). During later stages of freezing (42–60 days),
the rate of increase of Vp decreases. The wave velocity value
measured in the field is higher than that in the laboratory, mainly
because formation pressure had compacted the frozen soil in
the field, whereas frozen soil was measured under unloaded condi-
tions in the laboratory. Therefore, if lower wave velocity is mea-
sured during later stages of freezing, especially if the measured
value is similar to that of undisturbed soil, it can be considered to
indicate an abnormal freezing state that reflects the slow movement
of a cryofront.
4.2 | Calculation of frozen section thickness
4.2.1 | Frozen section thickness of laboratory test
As shown in Figure 13, the specimen that was progressive frozen in
the laboratory can be divided into frozen and unfrozen sections
according to the cryofront position because the partially frozen layer
(temperature range: −0.2 to 0C) in progressively frozen sand is so
thin that it has little impact on the accuracy of the calculation of fro-
zen section thickness. The total travel time of the head wave in the
specimen τp (μs) can be expressed as:
τp =
S f
v f
+
S−S f
vu
ð3Þ
where S is the length of the specimen (mm), Sf is the thickness of the
frozen section (mm), vf is the average wave velocity of the frozen
section (km/s) and vu is the average wave velocity of the unfrozen
section (km/s).
By rearranging Equation 3, we obtain the value of the frozen
section thickness as:
S f = v f
S−τpv f
v f −vu
ð4Þ
F IGURE 12 Receiving frequency spectrum (a) and wave velocity and KFS (b) of fine sand measured at different times of freezing in the field
[Colour figure can be viewed at wileyonlinelibrary.com]
F IGURE 13 Sketch of horizontal
cross-section through frozen and
unfrozen sand showing detection of
frozen sand thickness by ultrasonic wave
testing
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The average wave velocity through the frozen and unfrozen sections
changes continually as freezing progresses, both in the field and in the
laboratory. Thus, vf and vu are difficult to determine accurately during
progressive freezing.
The relationship between wave velocity and temperature of fine
sand at different water contents under constant temperature was
measured in the laboratory (Figure 14).23 Wave velocity increases
slightly as temperature decreases before fine sand freezes. Therefore,
the average wave velocity of the unfrozen section vu can be treated
as the wave velocity of undisturbed soil, which can be measured
before freezing. However, wave velocity increases sharply as temper-
ature decreases below 0C, which demonstrates that the average
wave velocity of the frozen section vf changes significantly during pro-
gressive freezing.
Three parameters in Equation 4—S, τp, and vu—can be measured
easily in the laboratory. Based on our experimental results, S is
72 mm, vu values of specimens with different water contents (7.31,
10.31, and 13.31%) are 0.358, 0.365, and 0.376 km/s, respectively,
F IGURE 15 Predicted thickness of frozen fine sand when vu is wave velocity of undisturbed soil: specimens with water content of (a) 7.31%,
(b) 10.31%, and (c) 13.31% [Colour figure can be viewed at wileyonlinelibrary.com]
F IGURE 14 Wave velocity versus temperature at different water
contents under constant temperature [Colour figure can be viewed at
wileyonlinelibrary.com]
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similar to values from undisturbed soil, and τp is a measured value at
different freezing periods. The relationship between predicted frozen
section thickness Sf and vf (Figure 15) is based on inputting values of
S, τp and vu into Equation 4. The predicted frozen section thickness Sf
of specimens at different water contents decreases steadily as wave
velocity increases, but the slope of the relationship is low. This indi-
cates that the sensitivity of Sf to vf is low at different water contents.
For the purpose of prediction, vf can be approximated to wave
velocity at −10C because the design average temperature in the field
is usually −10C. The predicted results of frozen section thickness
thus given are presented in Table 2. Generally, the accuracy of predic-
tions ranges from 86.84 to 99.33%, which indicates the values
predicted by Equation 4 were subject to only small errors.
4.2.2 | Frozen wall thickness in the field
Frozen section thickness measured in laboratory testing can be
treated as a simplified model of frozen wall thickness in the field.
Therefore, the latter can be calculated using Equation 4. Based on our
experimental results, S is 1,470 mm, vu of fine sand approximates that
of undisturbed soil (1.741 km/s), and τp is a measured value of differ-
ent freezing periods (24, 26, and 42 days). vf approximates wave
velocity at −10C measured in the field (4.884 km/s). The predicted
values of frozen wall thickness in the field are given in Table 3. Mea-
sured values of frozen wall thickness in Table 3 were obtained by a
temperature sensor (diameter 4 mm and length 30 mm) in steel pipes
J1 and J2, where the thickness is determined for sand whose tempera-
ture is <0C (Figure 16).
As shown in Table 3, the accuracy of predictions ranges from
90.32 to 98.03%, which indicates that the errors were small. Thus,
Equation 4 also can be used to estimate frozen wall thickness in fine
sand for field purposes.
TABLE 2 Predicted and measured values of frozen section thickness
Water content (%) Length (mm) Travel time (μs) vu (km/s) vf (km/s) Predicted value (mm) Measured value (mm) Accuracy (%)
7.31 72 113.386 0.358 2.604 36.41 35 95.96
72 78.431 0.358 2.604 50.92 45 86.84
72 58.824 0.358 2.604 59.06 55 92.62
72 50.070 0.358 2.604 62.69 70 89.56
10.31 72 111.975 0.365 3.079 35.32 35 99.10
72 79.558 0.365 3.079 48.74 45 91.69
72 52.402 0.365 3.079 59.98 55 90.94
72 47.213 0.365 3.079 62.13 70 88.76
13.31 72 107.946 0.376 3.465 35.24 35 99.33
72 73.171 0.376 3.465 49.90 45 89.10
72 46.392 0.376 3.465 61.20 55 88.73
72 44.010 0.376 3.465 62.20 70 88.86
TABLE 3 Parameters relating to predicted and measured values of frozen wall thickness
Freezing period
(days)
Distance
(mm)
Travel time
(us)
vu
(km/s)
vf
(km/s)
Predicted value
(mm)
Measured value
(mm)
Accuracy
(%)
24 1,470 642.33 1.741 4.884 547.35 605 90.32
26 1,470 609.16 1.741 4.884 637.44 660 96.54
42 1,470 332.53 1.741 4.884 1,384.73 1,413 98.03
F IGURE 16 Measured values of frozen wall thickness
determined from monitoring of ground temperature at different times
of freezing at inspection holes J1 and J2 [Colour figure can be viewed
at wileyonlinelibrary.com]
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4.3 | Implications for frozen ground engineering
As illustrated above, the receiving ultrasonic wave velocity can reflect
the freezing state and be used to calculate the cryofront position. Fre-
quency components can reveal the frequency of different evolving
freezing regions and freezing state during progressive freezing. As a
result, this technique can be used in artificial ground frozen engineer-
ing, where it is difficult to accurately determine the freezing state and
frozen wall thickness along the direction of frozen wall development
because of a limited number and fixed position of thermometer
holes. Ultrasonic testing can be used as a convenient and quick
method of evaluating frozen wall development. First, the average tem-
perature of frozen soil can be measured by the wave velocity and
dominant frequency in any two freezing holes.23 Frequency compo-
nents and wave velocity in different freezing periods can then be
compared to identify the freezing state between two holes
(e.g., freezing hole, temperature monitoring hole and hydrological
hole). Finally, frozen wall thickness during the active freezing period
can be calculated between any two holes.
5 | CONCLUSIONS
The following conclusions are drawn from this study:
1. Analysis of ultrasonic time-domain characteristics showed that
wave velocity continually increased as the cryofront ascended the
specimens of fine sand, and wave amplitude decreased initially and
increased subsequently with rising cryofront position. Wave velocity,
unlike wave amplitude, can reveal the cryofront position during pro-
gressive freezing.
2. Analysis of ultrasonic frequency-domain characteristics
demonstrated that the frequency components during later stages of
progressive freezing can reveal the natural frequency of different
freezing regions.
3. Comparison of laboratory and field observations indicated that
single and multiple peaks in the frequency spectrum and KFS during
different stages of freezing can identify the freezing state.
4. An equation is proposed to calculate the thickness of the fro-
zen section. Laboratory and field observations revealed that the accu-
racy of predicted values of the frozen section thickness ranges from
86.8 to 99.33%, and the equation can be used to predict frozen wall
thickness in the field.
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